INTRODUCTION
Death domain associated protein (Daxx), a kind of highly conserved multifunctional nucleoprotein, was discovered initially for its binding with the cytosolic domain of Fas [1] , and could promote Fas-induced apoptosis by triggering the Jun N-terminal kinase (JNK) pathways [2] . Although Daxx participates in numerous cellular functions as a mediator of protein interactions, thus acting as a fine tuning instrument in highly orchestrated cellular processes [3] , its underlying mechanisms are far from clear. Our review of recent studies shows that Daxx has many interesting functional dualities and can provide a reference for further research on Daxx.
MULTIPLE FUNCTIONS OF DAXX
Daxx mutations have been frequently found in many tumor cells. In telomerasepositive and alternative lengthening of telomeres (ALT) cells, for telomere maintenance in most human cancers, Daxx interacts with telomerase and regulates telomerase assembly in Cajal bodies and telomerase, targeting telomeres [4] . Daxx mutations were detected in ALT neuroblastoma (NBL), and these tumors showed chemo-resistance and late recurrence [5] . In the tissue of some pancreatic neuroendocrine tumors (pNETs), the Daxx gene became mutated [6] . It was further proved that the somatic mutation frequencies of the Daxx/alpha thalassemia/mental retardation syndrome X-linked (ATRX) gene in Chinese pNET patients were higher than those in Caucasians [7] , and even in some pNET tissue, the expression of Daxx/ATRX was lost [8] , which was correlated with chromosome instability, advanced diseases, and poor prognosis [9] . Therefore, mutant Daxx may function differently from wild type Daxx, and contribute to tumor development. Daxx localizes mainly in the nucleus in un-stimulated cells, where it interacts with promyelocytic leukemia protein (PML) in PML nuclear bodies (PML-NBs) [10] . While PML-NBs are the most obvious depositories of Daxx, there are multiple alternative localizations of this protein in the nucleus and cytoplasm, suggesting that in different cellular compartments Daxx has different functions [3] . Reportedly, there are two functional nuclear localization signals (NLSs) within Daxx, which are crucial for the nuclear localization of Daxx. Moreover, the nuclear localization of Daxx is essential for its transcriptional effects [11] . It is speculated that if Daxx mutated at an NLS domain, its localization would be transferred from the nucleus to the cytoplasm, followed by its changed functions, resulting in duality among some functions. It is found that 4-hydroxy nonene aldehyde can induce Daxx to localize in the cytoplasm, and then, by blocking the apoptosis signal-regulating kinase 1 (ASK1) pathway, to inhibit apoptosis [12] . In cervical lesion tissue with high risk of human papillomavirus, Daxx would be translocated from the nucleus into the nuclear membrane, cytoplasm or cell membrane with the progression of cervical cancer [13] . In the urinary tract epithelial cells, its range of intracellular distribution and amount of nuclear distribution would be changed [14] . It was revealed that over-expression of both autologous antigen Ro52 and FLASH can induce cytoplasmic localization of Daxx in HT1080 cells [15] . Due to the locations change from the nucleus to cytoplasm and the remains gather little in PML-NBs, Daxx may interact with different proteins in different contexts. With the change of its interacting proteins, the functions of Daxx vary. In normal cells, Daxx and ATRX work together to regulate the replication-independent histone H3.3 chromatin assembly at telomeres and pericentric heterochromatin for transcriptional repression and chromatin assembly [16] . However, during early Epstein-Barr virus (EBV) infection, EBV tegument protein BNRF1 can replace ATRX and cause the dissociation of ATRX and Daxx from PML-NBs, and then reprogram Daxx-mediated H3.3 loading [17] , resulting in activation of viral early gene transcription [18] . It was mentioned previously that Daxx and PML can interact with each other and maintain the normal morphology and function of PML-NBs together, so that PML-NBs are in a relatively stable state. However, this kind of co-localization of Daxx and PML can be broken by hantavirus infection, which also can interfere with the Daxx-mediated apoptosis [12] . Different modification may also produce different functions of Daxx. Small ubiquitin-like modifier (SUMO) is required for SUMOylation, a highly conserved post-translational modification in a wide variety of cellular processes. Numerous studies have demonstrated that SUMOylation has great effects on the subcellular localization and functional regulation of Daxx [19] . Both terminals of Daxx could separate SUMO interaction motifs, which mediated its interaction with SUMO and hence SUMOylated transcription factors [20] . Daxx can specifically interact with one or more substrates SUMOylated by protein inhibitor of activated STAT-1 (PIAS1), which will lead to apoptosis under UV irradiation [21] . Upon DNA damage, Daxx is phosphorylated in a manner dependent on ataxia telangiectasia mutated (ATM) protein, a member of the peptidase inhibitor 3-kinase family. The phosphorylation of Daxx by ATM can disrupt the interaction between Daxx and the ubiquitin ligase murine double minute 2 protein, precede p53 activation and subsequently facilitate the damage-induced apoptosis [22] . It has been proved that Daxx can repress adenovirus ht(Ad) replication through its intact interaction with ATRX and the negative regulation on Ad replication can be relieved with its failed interaction with ATRX [23] . Therefore, once its mutants, dislocations or replaced interacting proteins appear, the functions of Daxx will probably be different, sometimes even contradictory, among studies on the same function. As a transcriptional regulation effector, Daxx can mediate transcriptional activation. Being the chaperone for the histone H3.3, Daxx can co-fold with H3.3-H4 [24] and mediate the recruitment of (H3.3-H4) dimers to PML, which may function as triage centers for H3.3 deposition into chromatin by distinct chaperones [25] . Moreover, the ectopic localization of the centromere-specific H3 histone variant CenH3, known as human centromere protein A (CENP-A) in mammals, depends on Daxx rather than the dedicated CenH3 chaperone Holliday junction recognition protein [26] . Similarly, in an avian sarcoma virus (ASV) infected model, Daxx can promote epigenetic repression through the recruitment of histone deacetylases (HDACs) as an antiretroviral factor [27] . In lipopolysaccharides-induced macrophages, Daxx can interact with HDAC1 and bind to the promoter of interleukin-6 (IL-6), then selectively repress IL-6 transcription through HDAC1-mediated histone deacetylation [28] . Not only does Daxx repress the transcription of the virus genome, but also Daxx can be beneficial for the transcription, after interacting with some viral proteins. It was found that Daxx can combine with human cytomegalovirus (HCV) coat protein (pp71) and drive quiescent cells into the cell cycle, so as to up-regulate the transcription of the virus gene [29] . Similarly to HCV pp71, Ad E1B, a 55 kD protein, also can interact with Daxx, break its co-localization with PML in PML-NBs, and then down-regulate its transcription inhibitory activity [6] , which has further been proved by the fact that Daxx can negatively repress Ad5 replication by the failure to interact with ATRX [23] . A number of recent reports suggest that Daxx-mediated cell apoptosis can be affected by the virus infection, and paradoxically, Daxx can also mediate virusinduced apoptosis in the host response to virus infection. Several virion proteins, expressed by viruses in the early stage, may also play vital roles in gene activation processes, particularly in counteracting intrinsic immune mechanisms mediated by PML-NB associated cellular factors, such as Daxx, ATRX and Sp100 [30] . For example, in human umbilical vein endothelial cells, hantavirus can break the colocalization of Daxx and PML in PML-NBs and then interfere with Daxx-mediated apoptosis [31] . It was found that dengue virus capsid protein can interact with Daxx [32] to induce apoptosis by disrupting the interaction between Daxx and NF-κB [33] . Daxx also affects cell apoptosis induced by virus infection. It has been shown that the expression of dominantnegative Fas-associating protein with death domain (FADD) has little effect on apoptosis induction by matrix (M) protein mutants of vesicular stomatitis virus (VSV). However, M protein mutant of VSV-induced apoptosis can be inhibited by the expression of a dominant-negative mutant of the adapter protein Daxx, suggesting that Daxx is more important than FADD for Fas-mediated apoptosis signaling induced by VSV [34] . Daxx can be either a pro-apoptotic or an anti-apoptotic factor. It is reported that phosphorylation-dependent Lys63-linked polyubiquitination of Daxx is essential for sustained tumor necrosis factor α (TNF-α)-induced ASK1 activation and the apoptosis signaling pathway [35] . The phosphorylation of Ser669 in PML-NBs, by homeodomain-interacting protein kinase 1 (Hipk1) co-located with Daxx, is crucial for Daxx's intracellular orientation and its apoptosis-inducing effect [36] . In primary rat microglia, depletion of Daxx can attenuate the proinflammatory cytokine interferon γ (IFN-γ)-induced cell death, which suggests that Daxx is the key mediator for microglial cell death initiated by IFN-γ [37] . But Daxx also has anti-apoptotic function to inhibit cell death and become an anti-cancer target.
Reportedly, Daxx may function as a novel anaphase-promoting complex or cyclosome inhibitor and promote chromosome instability cancer predisposition during prostate cancer development [38] . It is well known that 2,3,4,6-penta-Ogalloyl-beta-D-glucose(PGG) has antitumor activities in many kind of cancers. In chronic myeloid leukemia (CML) K562 cells, it was found that PGG can down-regulate Daxx and activate JNK to mediate apoptosis [39] . Similarly, Daxx has the effect of inactivating cell death, in Parkinson's disease (PD) or in dopaminergic neurons. Once it interacts with the DJ-1 gene, Daxx will be quenched in the nucleus with no access to the cytoplasm and be prevented from interacting with and activating its effector kinase ASK1, and hence inhibit the JNK/ASK1 cell-death signaling pathway [40] . Consistently, Daxx silencing can suppress mouse ovarian surface epithelial (mOSE) cell growth by inducing senescence in a p53/p21-dependent manner without affecting their cell cycle progression [41] , which may be due to the fact that Daxx could transform mOSE cells into an ovarian oncogenic phenotype and protect mOSE cells against Xirradiation and chemotherapy-induced DNA damage by interacting with PML [42] . In response to genotoxic stress, the interaction of Hipk2 and Daxx can be disrupted by the interaction of tumor suppressor protein Pdcd4 and Daxx in the nucleus, which would inhibit the phosphorylation of p53 [43] and affect the cell cycle progression. Similarly, in wild-type p53 acute lymphoblastic leukemia cells, p53 that can bind with the tumor suppressor Ras-association domain family 1 isoform A (RASSF1A) promoter and recruit Daxx for DNA methylation, subsequently resulting in the inactivation of RASSF1A. Furthermore, the methylation of RASSF1A promoter is critically controlled by Daxx, rather than p53 [44] . That is to say, Daxx is a negative manipulator for RASSF1A activation. Ubiquitin-specific processing protease-7 can interact and cooperate with Daxx in the regulation of mitosis, benefiting cell immortalization [45] . In view of the down-regulation of Daxx in response to treating HL-60 and K562 cells with HDAC inhibitor, it is also supported that Daxx might possess anti-apoptotic effects [46] . It is thought that Daxx, in the nucleus especially in PML-NBs, usually induces apoptosis. The Ser669 of Daxx in PML-NBs is phosphorylated by Hipk1 colocating with Daxx, which is crucial for Daxx's intracellular orientation and apoptosis-inducing effect [36] . The enhancement of IFN secretion by virus infection can make PML SUMO so as to recruit more Daxx to localize in PMLNBs, which will result in Daxx relieving the inhibition in the dense chromatin area and inducing apoptosis [47, 48] . However, some hold the view that Daxx has antiapoptotic effects in the nucleus. In macrophages, cytosolic localization of Daxx can increase injury sensitivity of oxidized low-density lipoprotein (ox-LDL), which will induce apoptosis mainly through the ASK1-JNK pathway; nevertheless, nuclear localization will antagonize the apoptosis induced by ox-LDL [49] . In the cytoplasm of reovirus-infected cells, Daxx plays a pro-apoptotic role in Fas-mediated apoptosis, but has an anti-apoptotic role in the nucleus [50] .
In rat retinal ganglion cells, receptor-interacting protein 3 (RIP3) can cause Daxx phosphorylation and stimulate the nuclear export of Daxx. The depletion of RIP3 can significantly inhibit the nuclear export of Daxx, resulting in cell death attenuating to a great extent [51] . That Daxx in the nucleus has anti-apoptotic effects in some mammalian cells is also evidenced by the fact that over-expressed DJ-1β, a Parkinson's disease-associated gene, can suppress Daxx's translocation from the nucleus to the cytosol [52] , so as to protect cells against oxidative stressinduced apoptosis by promoting megakaryocyte differentiation [53] .
CONCLUSION
Our findings demonstrate that Daxx is a multi-functional protein, and can regulate a wide range of biological processes in different ways. All of the above interesting "self-contradictory" effects of Daxx may be related to the different cell types, its mutated gene, its changing intracellular orientation and distribution, its differential interacting proteins or other factors. The exact mechanism of its variable functions remains unclear and needs further investigation.
